Carbon nanotubes (CNTs) have been proven to be possible as high-value by-products of hydrogen production from gasification of waste plastics. In this work, steam content in the gasification process was investigated to increase the quality of CNTs in terms of purity.
Introduction
Management of plastic waste poses a serious challenge for society as plastics make up a significant proportion of municipal waste, typically around 10 wt% [1] . Even though recycling rates for waste plastics have recently increased [2] there is still a large amount which ends up being unsustainably disposed of in landfill sites. With governments imposing stricter limitations on landfilling, other waste management techniques are required.
A desirable alternative to landfilling of plastic waste is chemical recycling of plastics through thermal treatments such as pyrolysis and gasification. These processes can be used to produce valuable materials such as gases and oils for use in energy applications [3] [4] [5] . Hydrogen gas is of particular interest as it is seen as an important future fuel since its combustion gives off no CO 2 . The production of hydrogen from thermal treatment of plastics has been researched, with polyethylene, polypropylene and polystyrene among the feedstocks investigated [6] [7] [8] [9] [10] [11] [12] [13] [14] .
High hydrogen yields can be obtained, for example it has been reported that the hydrogen content of gases produced from various plastics was above 60 Vol.% when a Ni-Mg-Al catalyst was used in a two stage pyrolysis-gasification procedure [14] . Czernik and French likewise made use of a nickel catalyst and obtained 80% of the theoretical maximum hydrogen production from a polypropylene source [7] . The effect of increasing the steam/plastic ratio was investigated by Erkiaga et al using a high density polyethylene in a conical spouted bed reactor [8] . It was seen that as the steam/plastic ratio was increased the amount of tars and char reduced whilst seeing an increase in the amount of gases and hydrogen produced. Nickel catalysts are particularly good catalysts for hydrogen production from steam reforming as they give much higher yields than other transition metals such as copper and iron, but are cheaper than other effective catalysts such as ruthenium [15] .
Carbon deposition on the surface of nickel catalysts poses a major challenge to hydrogen production, since it can deactivate the catalyst. Rostrup-Nielsen [16] identified three types of carbon deposition, whisker type carbons, such as filamentous carbons, in addition to pyrolytic and encapsulating carbons which deactivate the catalyst. Our previous studies on the production of H 2 from plastics have shown the carbon deposits produced are predominantly filamentous carbons [12, 17] . We have recently confirmed, using transmission electron microscopy (TEM) analysis of the filaments, the presence of carbon nanotubes (CNTs) on the surface of the catalyst, and a process was developed to produce CNTs and hydrogen simultaneously [18] . The simultaneous production of CNTs and hydrogen from plastic feedstocks increases the efficiency and economic value of the process.
Carbon nanotubes are a material that have been studied a great deal since their discovery by Sumio Iijima in 1991 [19] due to their potential for future uses in a number of mechanical, thermal and electronic applications [20] . CNTs are thought to be formed by a modified version of the vapour-liquid-solid mechanism proposed by Baker et al [21, 22] . A vapoursolid-solid mechanism has been proposed where carbon dissociates on the surface of a catalyst particle, diffuses across its surface and finally precipitates in the form of CNTs [23] .
The injection of steam is a crucial factor in production of both hydrogen and CNTs. Previous work has shown that increasing the steam injection rate leads to an increase in the production of hydrogen from plastic waste via steam reforming [24] . Likewise the addition of steam is key in the production of CNTs [25, 26] . Hata et al [26] found that steam acts as a weak oxidiser, reacting with amorphous carbons which deactivate the catalyst, enabling longer and purer CNTs to grow. Ago et al [25] varied steam injection and found that increasing the amount of steam increases the yield of CNTs up to a critical concentration at which point the yield drastically fell. It was suggested that at this point the water deactivated the catalyst and restricted the deposition of methane. As such, whilst the injection of steam can be beneficial to the production of CNTs, the amount of steam injected is a crucial factor in obtaining a large yield.
CNT production from plastics has been demonstrated [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , however the effect of the steam injection rate on CNT and hydrogen has not been considered. The potential to produce CNTs from the pyrolysis of plastics was demonstrated by Kukovitsky et al [27] . Generating CNTs from waste plastics holds the benefit of simultaneously dealing with waste management problems, and also providing a cheap and abundant feedstock for CNT production. Kukovitsky et al used granular polyethylene (PE) which was pyrolysed with a nickel catalyst at temperatures of 420-450°C. Whilst CNTs were produced, the yield was small with the majority of the deposits being carbon fibres. Later work by the same research group obtained a larger CNT yield at the higher temperature of 800°C [32] .
Subsequently further studies have been undertaken to produce CNTs from plastic sources.
Chung et al [35] investigated the use of both polypropylene (PP) and polystyrene (PS) as CNT precursors. CNTs were produced from each of the plastics, however the morphology of the CNTs varied depending on the feedstock due to the aromatic and olefinic nature of the precursors. Liu et al [39] also investigated the simultaneous production of CNTs and hydrogen using a two stage process. PP was pyrolysed and the products then condensed to remove any liquids. The gases were then passed over a NiO catalyst where deposition of CNTs took place. CNTs and hydrogen gas were simultaneously produced in sizeable quantities, with hydrogen making up over 70% of the gas stream produced. CNTs can also be produced from the combustion of plastic sources. In a series of studies Gong et al [29] [30] [31] produced CNTs and cup stacked CNTs from a polypropylene source, and found that the amount of chlorine used in the process has a strong effect on the CNT morphology. It is suggested that the growth of CNTs from plastic sources is governed by the production of aromatic products on the catalyst surface.
This study will investigate the key role of steam injection on the production of CNTs and hydrogen from plastic feedstocks. To our knowledge this is the first study to consider the effect of variation of the steam injection rate on CNT production from plastics. A two stage pyrolysis-gasification process was used where pyrolysed gases were passed directly to a second gasification stage. The effect of the steam injection rate on the quantity and quality of CNTs was investigated. The advantage of this process is that it simultaneously produces carbon nanotubes and hydrogen, and the addition of steam to the system enables larger yields of both products. This means it increases the economic benefit of plastics gasification which was originally only used for hydrogen production. Whilst many studies have considered PE and PP feedstocks for CNT production [27, 32, 37, 38] , other plastics such as PS have received less attention. The suitability of the different plastic samples for CNT production will be examined using LDPE, PP and PS.
Materials and methods
Polypropylene (PP) was obtained as 2 mm virgin polymer pellets provided by BP Chemicals UK. Low density polyethylene (about 2 mm) (LDPE) and polystyrene (about 2 mm) (PS) were obtained from ACROS Organics UK.
A Ni/Al 2 O 3 catalyst was prepared by an impregnation method, with a nickel loading of 5%. Ni(NO 3 ) 2 ·6H 2 O, deionised water and gamma Al 2 O 3 were used as the raw materials. The desired amount of Ni(NO 3 ) 2 ·6H 2 O was mixed in deionised water and heated at 80°C until dissolved, at which point the Al 2 O 3 was added. This mixture was then left to mix until it formed a slurry. This was then dried overnight in an oven at 105°C to remove the remaining water before calcination at 500 °C in an air atmosphere for 3 h. The catalysts were then crushed and sieved to give granules of between 0.065 and 0.212 mm. To characterise the catalyst, BET surface area and XRD analyses were undertaken using a Quantachrome Nova 2200 and a Philips PW 1050 Goniometer, using a PW 1730 with a CuK radiation X-ray tube, respectively. The fresh catalyst had a surface area of 145 m 2 /g.
The experimental system consisted of a two-stage pyrolysis-gasification reactor as shown in Figure 1 . The reactor was made of stainless steel and had a total length of 320 mm and an internal diameter of 22 mm. In each experiment 1 g of the plastic sample was placed inside a sample boat and pyrolysed in first reactor, where the temperature was heated to 600
°C. The generated gaseous products were then passed through to the second reactor, held at 800 °C, and passed over 0.5g of a Ni-Al 2 O 3 catalyst allowing hydrogen to be produced with carbon deposition on the catalyst. Nitrogen was used as the carrier gas with a flow rate of 80 ml min -1 . The procedure was to heat the second gasification reactor to the desired temperature, then heat the first reactor to 600 °C at a heating rate of 50 °C min The volatile products after the gasification process were passed through two condensers, where any condensed products were collected. The non-condensed gases were collected in a 25 L Tedlar™ gas sample bag. The reproducibility of the reaction system was tested and experiments were repeated to ensure the reliability of research results.
Products analysis
The gases collected in the gas sample bag were analysed by packed column gas chromatography (GC). Hydrocarbons (C 1 -C 4 ) were analysed using a Varian 3380 gas chromatograph with a flame ionisation detector, with an 80-100 mesh Hysep column and nitrogen carrier gas. undertaken on the carbon deposits on the catalyst surface to determine their graphitic quality.
Results were obtained using a Renishaw Invia Raman spectrometer at a wavelength of 514 nm at Raman shifts between 100 and 3200 cm -1 . Table 1 shows the mass balances in terms of the amount of gases, oils and solids produced.
Results

Hydrogen production
The mass balances obtained were all above 93%. For all three samples as the flow rate of steam injected into the reactor was increased, the amount of oils and solids decreased, whilst the amount of gases increased. This is to be expected as steam reforming reactions produce larger amounts of gas, at the expense of oils and solids via equations 1 and 2.
1.
2.
This is also in agreement with results from Erkiaga et al [8] who found that increasing steam/plastic ratio gave a reduction in tars and chars and an increase in gas production, particularly hydrogen. The composition of the gases produced from the plastics samples are shown in Table 1 , and are typically composed of H 2 , CO, CO 2 , CH 4 and C 2 -C 4 hydrocarbons.
For each of the plastics, hydrocarbons decreased and CO and CO 2 increased via the reaction in equation 1 as the steam injection rate was raised. The higher concentration of CO relative to CO 2 seen is due to the high temperatures used being unfavourable for the water gas shift reaction. To increase the hydrogen yield further a third stage could be employed to convert CO into CO 2 and H 2 via reaction with water. Hydrogen production for each of the plastics is also shown in Table 1 and shows how, as expected by equations 1 and 2, the yield obtained increases with increasing steam injection rate.
The largest gas yields were obtained for LDPE and reached over 80 wt% for a steam injection of 4.74 g h -1 as can be seen in Table 1 . Wax was produced at the low steam injection rates, particularly at 0 steam injection, accounting for the large solid yields observed. The hydrogen content of the gas ranged between 50Vol.% and 58Vol.% depending on the steam injection rate as shown in Table 1 . A reduction in the content of hydrogen is seen when steam is injected (equations 1 and 2), however in actual terms the amount of hydrogen produced from the plastic is increased, as can be seen in Table 1 . Based on its elemental composition the maximum achievable hydrogen production for 100g of LDPE is 41.2g if the hydrogen and carbon in the sample is fully converted to H 2 and CO 2 . The maximum hydrogen yield obtained from LDPE at 4.74 g h -1 steam injection was of 9.2 g/100g of sample, roughly 22% of the maximum theoretical yield.
PP also gave high gas yield, as detailed in Table 1 , with wax also being produced at lower steam injection rates. The content of hydrogen in the gas is slightly lower than was observed for LDPE and remains around 50vol.% irrespective of the steam injection rate. The maximum hydrogen yield obtained was again achieved with the highest steam injection rate and had a value of 6.9 g/100g sample, lower than was obtained for LDPE. This is roughly 17% of the maximum theoretical yield possible of 41.5g, based on full conversion to H 2 and CO 2 . This shows that less of the PP sample was converted into hydrogen than was the case with LDPE.
The amount of methane and C 2 -C 4 hydrocarbons was also higher than was obtained for LDPE.
Unlike LDPE and PP, PS produced a larger oil yield and smaller proportion of gases as can be seen in Table 1 . Enicar and Gonzalez [40] also undertook pyrolysis of various plastics and found that polystyrene gave higher oil yields and lower gas yields than PP and LDPE. PS also shows a comparatively higher hydrogen content in the gas phase compared with PP and LDPE, with values of up to 77vol.% obtained, as seen in Table 1 . This is due to the proportion of hydrocarbons in the gas stream being significantly lower than was observed for the other samples, with C 2 -C 4 hydrocarbons particularly less abundant. The maximum hydrogen yield obtained with PS was at 4.74 g h -1 steam injection and had a value of 7.4 g/100g sample, roughly 19% of the maximum theoretical yield of 39.0% based on full conversion to H 2 and CO 2 .
XRD diffraction plots of the fresh catalyst and used catalysts from PP experiments with and without steam injection are found in Figure 2 . The fresh catalyst shows the presence of alumina, and nickel oxide with a particle size of around 5 to 10 nm. The used catalyst without steam instead shows peaks for Ni as opposed to NiO, and has larger particle sizes of around 50 to 100 nm. This suggests that hydrogen produced during the process reduces the NiO to Ni, and that sintering of the Ni particles occur as a result of the high temperature. The presence of a peak at 26 ° is also suggestive of a graphitised carbon build up on the catalyst surface. The XRD plot for the used catalyst when steam is injected at a rate of 4.74 g h -1
shows a similar profile to that of the used catalyst without steam, with nickel and alumina peaks observed. A marked difference between the two is the lack of a peak representing carbon on the surface, suggesting carbon has reacted with the steam injected.
Carbon deposits
The solid carbons deposited on the surface of the catalyst were analysed by a range of techniques including SEM, TEM, TPO and Raman spectroscopy.
Low Density Polyethylene
For LDPE scanning electron microscopy images of the carbon deposits obtained at different steam injection rates are shown in Figure 3 . In order to better determine the relative amounts of different types of carbon on the catalyst surface temperature programmed oxidation was carried out on the used catalyst samples.
TPO plots for the carbon deposits obtained from LDPE can be seen in Figure 5 The derivative TPO plots in Figure 5 (b) show two distinct peaks, one at around 540 ˚C, and another at about 650 ˚C. Amorphous carbons are reported to show a peak at lower temperatures than filamentous carbons, due to being more reactive [41] . When no steam is injected the peak associated with the filamentous carbons is large, however the addition of water into the reactor sees this peak become smaller. This is in accordance with the SEM results in Figure 3 where virtually none are produced. Table 2 shows the amount of filamentous carbons produced from LDPE, as a weight per cent of the plastic sample. These were calculated from the TPO results and are indicative of CNT production, as CNTs are a type of filamentous carbon. Results show that the yield of filamentous carbons reduces from 18.8% wt to 0% wt as steam injection is increased. As a result the ratio of filamentous:amorphous carbons, also shown in Table 2 , reduces from 2.30 to 0.
Raman spectroscopy was also undertaken to characterise the carbon deposits produced, with the spectrum for LDPE shown in Figure 6 . Peaks are seen at 1589 cm -1 and 1348 cm -1 . The peak at 1589 cm -1 corresponds to the G peak associated with graphitic carbon structures within the sample, including carbon nanotubes, whilst the peak at 1348 cm -1 corresponds with the D peak and is associated with defects within the graphic lattice or amorphous carbons [42] . For LDPE at 0 steam injection, Figure 6 (a) shows that large G and D peaks are observed and that the G peak is significantly larger than the D peak. This suggests a high purity of CNTs since more graphitic carbons are produced than amorphous carbons or defects in the graphitic structure. The ratio between the size of the G peak and D peak can be used to compare the quality of the carbon deposits obtained in terms of how ordered and graphitic they are [43] [44] [45] . This will enable the purity of the CNTs produced to be evaluated, with a larger G/D ratio indicating a higher purity. For LDPE, the addition of water was detrimental to the purity of CNTs, with a significant decrease observed. A large G/D ratio of over 1.7 was obtained with no steam injection, falling to 1.0 once steam was added.
Polypropylene
SEM images obtained using PP as a feedstock can be seen in This would suggest that whilst an increase in the amount of filamentous carbons was observed for PP at 0.25 g h -1 steam injection, the purity of the CNTs is low. At 4.74 g h -1 the D band is actually larger than the G band, which suggests the deposits are more disordered, which is in agreement with the TEM images in Figure 8 , since a larger proportion of filaments were seen in comparison to CNTs. The injection of steam into the system sees a decrease in the G/D ratio, falling from 1.2 to 1.0, indicating the purity of the carbon deposits has decreased.
Polystyrene
The SEM images of the carbon deposits from the PS samples, seen in Figure 
Discussion
Effect of steam on carbon deposition
Overall, increasing the amount of steam had the effect of reducing the amount of carbon deposits. This is in agreement with the reduction in solid yields observed in Table 1 , as steam reacts with carbon deposits to produce CO and H 2 (equation 2). TPO analyses for each of the carbons, seen in Figure 5 , show how the amount of total carbon deposition on the catalyst surface decreases as more steam is injected. This is true for each of the plastics with the exception of PS at 0.25 g h -1 , which will be discussed later. formation mechanism, and that the rate of gasification is independent of the amount of carbon deposited on supported catalysts. This would suggest that CNTs are formed when the rate of gasification of the deposited carbons is less than the rate of formation. As steam is injected into the reactor, the rate of gasification will increase, and result in the reduction in the yield of filamentous carbons observed. The gasification of these carbon deposits would also account for the increase in hydrogen and carbon monoxide levels at higher steam injection rates as seen in Table 1 . When undertaking steam reforming of a model bio-oil compound Wu and Liu [47] found similar results, with increased steam injection leading to a decrease in filamentous carbons produced.
Another effect that steam has on carbon deposits is an increase in the formation of CNTs by increased activity of the catalyst, as a result of destruction of amorphous carbons [26] . For PP and PS at 0.25 g h -1 steam injection TPO results seen in Table 2 shows an increase in the amount of filamentous deposits produced. Derivative plots shown in Figure 4 also show that the addition of steam into the reactor leads to a reduction in amorphous carbons. This suggests that the effect of increased CNT production by increased catalytic activity outweighs the effect of steam disrupting the production of CNTs. So whilst less filaments may be formed, since some are gasified, where they are produced the higher activity of the catalyst leads to an overall increase in CNT production.
At injection rates beyond 0.25 g h -1 however Table 2 shows a reduction in the yield of filamentous carbons obtained for each of the plastics. This suggests that more formation of CNTs are prevented by steam inhibition than enabled by increased catalyst activity, leading to a reduction in the overall production of CNTs. This suggests that the variation of steam is a key attribute to CNT growth, and that whilst the optimum amount can lead to an increase in the yield, too much steam prevents CNT production. From our results steam injection rates of 1.90 and 4.74 g h -1 have shown to be clearly unsuitable for CNT production in this work.
From the TEM analyses of PP and PS, shown in Figures 8 and 11 , it can be seen that there is a change in the type of carbon deposits which occur with an increase in steam injection.
Whilst CNTs are produced at low steam injection rates, at higher steam injection, and particularly at 4.74 g h -1 carbon fibres without a hollow central channel are seen. Snoeck et al [48] suggest that the difference in formation of carbon fibres and CNTs is due to the different rate at which carbon deposition nucleates compared to the diffusion through the nickel catalyst. When carbon deposition occurs slower it is more likely to form fibres, whilst fast deposition form CNTs since deposition is fast compared to diffusion, meaning it only occurs around the particles edge, forming a tube. A similar mechanism could explain why carbon fibres are formed rather than CNTs at high steam injection rates, since the rate of carbon formation could be slowed due to the presence of steam.
Steam injection has shown to be of crucial importance to both the production of hydrogen and CNTs. However, the maximum yields of each occur at different steam injection rates.
Low steam injection rates of 0 g h -1 and 0.25 g h -1 proved most productive for CNT production, whilst the highest hydrogen yields were obtained at 4.74 g h -1 . This gives the potential for an industrial process which has great flexibility over its production, where by simply changing the steam injection rate the major product can be switched between hydrogen and CNTs.
Effect of plastic type on carbon deposition
The plastics pyrolysis products affinity to produce filamentous carbons and amorphous carbons had a strong bearing on their CNT production at different steam injection rates.
Whilst SEM and TEM images in Figures 3, 4 , 7, 8, 10 and 11 showed that CNTs were produced from each plastic, there are differences in the relative abundances of both CNTs and amorphous carbons produced from the different feedstocks. Without steam injection Table 2 shows that LDPE produced 19% wt of CNTs, much larger than either PP, 9% wt, or PS, 10% wt.
It is likely that more CNTs are formed from LDPE since a comparatively small amount of amorphous carbons were seen with this feedstock, with a filamentous:amorphous ratio of 2.30 compared with 0.44 for PP and 0.46 for PS, as shown in Table 2 . This would allow more CNT production from LDPE, whilst PP and PS which produce more amorphous carbons would see CNT growth restricted by deactivation of the catalyst. Accordingly results from
Raman spectroscopy showed that LDPE had a much higher purity of CNTs with a G/D ratio of 1.7, compared with 1.2 for PP and 1.1 for PS. Amorphous carbons could be higher for PP and PS as a result of larger hydrocarbons being produced from these feedstocks. This correlates with the results shown in Table 1 , which show that PP gave a larger amount of C 2 -C 4 hydrocarbons, whilst PS gave a much bigger yield of larger oil compounds.
Once steam is injected at 0.25 g h -1 , significant changes are observed. The results in Table 2 now show that whilst LDPE shows a reduction in the amount of filamentous carbons, to 8%
wt, PP and PS see increases to 10% wt and 32% wt respectively. The addition of steam has two effects on the production of filamentous carbons, one is to increase the formation of
CNTs by increased activity of the catalyst, as a result of destruction of amorphous carbons [26] . The other is the destruction of CNTs by gasification.
For PP and PS at 0.25 g h -1 steam injection it suggests that the effect of increased CNT production by increased catalytic activity outweighs the effect of steam disrupting the production of CNTs. This was not true for LDPE. For PP this could be due to the fact that it forms larger molecules when pyrolysed than LDPE. The gas composition in Table 1 confirms more C 2 -C 4 hydrocarbons are produced from PP. Rostrup-Nielsen found that larger molecules form more filamentous carbons [49] , and since gasification is independent of the amount of carbon, gasification of these filaments will leave a higher proportion for PP than for LDPE.
Increased filamentous carbons found for PS is likely due to the fact that aromatic precursors form more filamentous carbons than olefins [49] . This is also in accordance with the mechanism for production of CNTs from plastics as proposed by Gong et al, who suggested that CNTs are produced from polymerisation of aromatics compounds on the catalyst surface [29] . PS is an aromatic based polymer and would form more aromatics on the catalyst surface than the olefinic plastics.
Raman spectroscopy results for PS, showed an increase in the G/D ratio as the purity of CNTs increased. For PP a reduction in G/D ratio was observed, however the increase in filamentous carbon production for this feedstock was very small. This suggests that at 0. and PP respectively. This would suggest that these high steam injection rates are unsuitable for CNT production from olefinic hydrocarbons, as the ratio of steam to carbon is too high and simply results in a reaction between the two. Whilst TPO results for PS in Table 2 show that the amount of filamentous carbons reduced at the higher steam injection rates, more are produced than was observed for LDPE and PP with a value for PS of 7 wt.% at 4.74 g h -1 .
Jackson et al [50] similarly reported that whilst olefinic feedstocks such as pentane and hexane resulted in the production of filamentous carbons disappearing at high steam injection rates, aromatic sources such as benzene, toluene and ethyl-benzene continued to show production of filamentous carbons. In this work, as PS is an aromatic based polymer when the pyrolysis products from the first stage pyrolysis step reach the catalyst they will behave in a manner similar to the aromatic sources used by Jackson et al.
Conclusions
The pyrolysis-gasification of plastics has shown that the production of hydrogen was increased when the steam injection rate was increased. This is ascribed to a combination of increased steam reforming reactions, and also gasification of carbon deposits on the catalyst surface. LDPE produced roughly 20% of the maximum theoretical hydrogen yield, with the relative productions of, LDPE > PS > PP for the percentage of maximum theoretical yield achieved.
With no steam injection LDPE produces a small amount of amorphous carbons and so the catalyst is less readily deactivated and a large number of CNTs are produced. Even though PS and PP have a better affinity to produce filamentous carbons such as CNTs, they also produce more amorphous carbons from large hydrocarbons and so the catalyst is quickly deactivated and less CNTs are produced.
For PS and PP the critical point where the increase in activity of the catalyst outweighs the destruction of CNTs by gasification is reached at 0.25 g h -1 since they produce filamentous carbons more readily, leaving a smaller proportion destroyed by gasification. At higher steam injection rates, more CNTs are prevented by gasification and at this point it has a larger effect than the increase in catalytic activity. PS produced the largest yield of filamentous carbons, with 32 wt.% produced from 1g of sample.
Results show that the rate of steam injection is crucial for CNT production. The maximum yields for hydrogen and CNTs occurred at different steam injection rates, since gasification at high injection rates of CNTs gives a higher hydrogen production. Therefore, there is potential for a process with good flexibility over production, where by changing the steam injection rate the major product can be shifted from CNTs to hydrogen. 
